Abstract. In order to investigate the negative ions in the boreal forest we have performed measurements to 18 chemically characterize the composition of negatively charged clusters containing highly oxygenated molecules 19 (HOMs). Additionally, we compared this information with the chemical composition of the neutral gas phase 20 molecules detected in the ambient during the same period. The chemical composition of the ions was retrieved 21 using an Atmospheric Pressure interface Time-Of-Flight mass spectrometer (APi-TOF) while the gas phase 22 neutral molecules (mainly sulphuric acid and HOMs) were characterized using the same mass spectrometer 23 coupled to a nitrate-based chemical ionization unit (CI-APi-TOF). Overall, we divided the identified HOMs in 24 two classes: HOMs containing only carbon, hydrogen and oxygen and nitrogen-containing HOMs or 25 organonitrates (ONs). During the day, among the ions, in addition to the well-known pure sulphuric acid clusters, 26
− ions but comprised of a larger number of carbon atoms (C 16 -C 20 ) and are assigned to HOM-173 dimers. Several studies have now reported that such dimer compounds are formed from the ozonolysis of α-pinene 174 (Ehn et al., 2014; Trostl et al., 2016; Kirkby et al., 2016) . In addition, in this case, there are still some peaks at 175 odd masses (i.e. m/z 555: C 10 H 31 O 10 NO 3 ) that have been attributed to night time NO 3 chemistry (Yan et al., 2016) . 176
Detailed chemical composition 177
To get further chemical information we investigated a specific day by high-resolution peak fitting. A revealing 178 way to present and compare qualitatively mass spectra is the mass defect plot (Schobesberger et al., 2013; Bianchi 179 et al., 2014) . In those plots, the abscissa represents the measured m/z of the compounds and the ordinate their 180 mass defect, which is the difference between the exact mass and the nominal mass (e.g., the exact mass of oxygen 181
16 O is 15.9949 Th and its mass defect is thus − 0.0051 Th). In these plots, the symbol size is proportional to the 182 peak intensity. However, these peaks can have an intensity that differ by orders of magnitude so we use 183 logarithmic scale to present the concentration. As a result, it is difficult to see the differences in quantitates looking 184 at the size of the dots. Therefore, the differences in intensities is more clear in Figure 5 . 185
In Figure 2 , we show mass defect plots of the negative ambient ions and gas phase molecules (in the plot the 186 neutral molecules are attached to the ligand that in this case is NO 3 − ) during the night (23:00 -03:00; top panels) 187 and during the day (09:00 -13:00; bottom panels) on April 20 th 2013. In all the four mass defect plots, the coloured 188 filled dots correspond to the identified group of compounds described in the legend and the unfilled dots represent 189 the unidentified species. 190
As expected and partially shown in previous studies (Ehn et al., 2012; Yan et al., 2016) , the chemical 191 composition of the negative ions and the neutral compounds is different between day and night. In Figure 1 , the 192 neutral molecules as well as the negative ions indicate that, during the day, ONs, formed by the reaction between 193 monoterpene, ozone and NO, have higher concentration than during the night (light blue dots) while, the HOMs 194 (mainly formed by α-pinene ozonolysis) peak during night (green dots). Interestingly, larger concentration of 195 organic compounds such as HOM-dimers could also be observed during the night, which is consistent with a 196 decrease of the NO concentration and subsequent increase of self-and cross-reactions of RO 2 radicals. From 197 Figure 2 , we can clearly see that during the night ambient ions and neutral compounds (after being ionized in the 198 ionization unit) have similar composition. Several studies have discussed that most of the HOMs detected during 199 the night are formed by the reaction of monoterpene (e.g. α-pinene) with ozone (Schobesberger et al., 2013; Ehn 200 et al., 2014; Tröstl et al., 2016; Kirkby et al., 2016) . Some of these studies have also shown that via the same 201 reaction (i.e. α-pinene ozonolysis) it is possible to form clusters that contain several C 10 -monomers (C 20 , C 30 and 202 C 40 ). In addition, Yan et al. (2016) have also observed the formation of the HOM dimers (C 19 -C 20 ) during the 203 night. Besides these oligomers, other ONs (blue dots) were also observed during night. These ONs are quite 204 different from the one observed during the day because they are formed by a different reaction, where the oxidation 205 of monoterpene is initiated by the NO 3 radical, highlighting once more the different NO x chemistry during day 206 and night. It is worth noting that such behaviour has been observed previously for the neutral molecules, where 207 the ONs and HOMs are more abundant during the day and night-time, respectively (Yan et al., 2016) . by the CI-APi-TOF is by far not the dominant peak. See also Figure 5 . This is due to the strong electron affinity 214 of sulphuric acid. The other remarkable feature in the negative ion spectra is the daytime band of peaks (unfilledpeaks reported in Figure 2C are HOMs and ONs as seen in the neutral mass spectra, but clustered with HSO 4 − 218 ions. This is consistent with the fact that a lot of peaks have a near zero or negative mass defect. To highlight the 219 presence of these different species in the APi-TOF during the day, a reference line (violet) was added. This line 220 represents the adducts with the clusters having the lowest mass defect, therefore the most oxidised HOMs or ONs 221 clustered with NO 3 − ( Figure 2B ). By definition, in the CI-APi-TOF, all the peaks appeared above the line because 222 of the chemical ionisation mechanism that is used in this instrument. During the night-time, the ambient ions are 223 also all above the line, because in this case the ions are mainly formed by HOMs or ONs cluster with NO 3 − ions, 224 that is the same mechanism inside the CI-APi-TOF. However, during daytime, the behaviour is totally different. 225
The band is much broader and many new peaks are situated below this line, suggesting that HOMs and ONs are 226 clustered with HSO 4 − ions (orange dots). In addition, formation of ambient ions containing sulphuric dimer or 227 trimer as a core ion might be expected and could explain the formation of some ions observed solely during the 228 day, especially the ones with really negative mass defect. It is worth noting that sulphuric acid -HOM clusters 229 have been demonstrated to participate in NPF (Schobesberger et al., 2013; Riccobono et al., 2014) and similarly 230 might be involved in such processes in the boreal forest. This is the first time that such clusters have been detected 231 in the ambient during the day. 232
In addition to the mass defect plots presented in Figure 2 , the chemical composition of the ambient ions 233 measured during several nights the year before (for this specific case it was recorded the 13 th of March 2012) is 234 presented in Figure 3 . It is important to mention that during that time the instrument was tuned to detect ambienttakes a large fraction of the negative charges available in the atmosphere. Such process will result in a reduction 264 of other ambient ions, while the concentration of the corresponding neutral specie remains less than the 265 concentrations of other compounds. This phenomenon has to be taken into account while interpreting the diurnal 266 variation of the ions, especially during daytime. A direct comparison of the neutral HOMs with the corresponding 267 naturally charged HOMs helps to distinguish such processes since the CI-APi-TOF will measure the diurnal 268 evolution of the compounds independently of the ion availability in the atmosphere. 269 Figure 5A shows the diurnal cycle of negative ions averaged over 28 days, most of them with sunny 270 conditions, during spring 2013. In addition to that, for comparison, we added the time evolution of the neutral 271 compounds in Figure 5B . As expected, the diurnal evolution of sulphuric acid (neutral) and the pure sulfuric 272
cluster-ions peak in the morning, since H 2 SO 4 , during the day, is mainly photochemically produced from the OH 273 oxidation of SO 2 . Around 09:00, three peaks attributed to sulphuric acid monomer (HSO 4 − ), dimer (H 2 SO 4 HSO 4 − ) 274 and trimer (H 2 SO 4 H 2 SO 4 HSO 4 − ) contribute to ~20% of the total ion signal, which is comprised of several 275 hundreds of species. Therefore, during this time, there was less charge available for other compounds. In Figure  276 6 we report a comparison of the sum of these three ion clusters with the measured neutral sulfuric acid 277 concentration. As anticipated, as soon as sulphuric acid is produced, also these sulphuric acid-bisulphate ion 278 clusters are formed reaching their maximum around midday. Although, from Panel B in Figure 5 , it is clear that 279 sulphuric acid is far from being the most abundant neutral compound, among the negative ions in Figure 5A , 280 sulphuric acid clusters is the most intense family. Note that in Figure 5A and Figure 6 the signal has not been 281 corrected by the transmission inside the APi-TOF that is usually around 0.1-2% depending on the mass range 282 (Junninen et al., 2010) . 283
The diurnal variation of these atmospheric ions is obviously influenced by the abundance of both various 284 neutral molecules and the charge carriers, as well as the charging efficiency between them. The neutral HOMs are 285 more abundant during the night-time, increasing at around 16:00 and decreasing at 04:00, owing to the diurnal 286 cycle of NO , which during the day efficiently terminates the oxidation chain (Yan et al., 2016) . During this period, 287 nitrate is the major charge carrier due to the inefficient production of sulphuric acid. − clusters should be explained by the higher charging efficiency (or clustering probability) 299 between sulphuric acid and HSO 4 − ; 2) such higher charging efficiency could be due to the appearance of the 300 "stabilizer", such as H 2 O, NH 3 , and amines (e.g. Kirkby et al., 2011 , Almeida et al., 2013 . The reverse change in 301 ion composition from midday to midnight can be explained by the same underlying reasons. 302
While Figure 5 shows averaged values over 28 days, Figure 7 shows the comparison of different ion families 303 on hourly basis during 5 sunny days within the campaign period. Panel A in Figure 7 shows the positive correlation 304 between sulphuric acid clusters and organic molecules (HOM+ON) charged by bisulphate ion. This confirms our 305 identification of HOM/ON . HSO 4 − compounds as both signals are connected to photochemical production of 306 sulphuric acid during the day. Both of these ion families peak during the day and are absent during the night, 307 which is consistent with Figure 5A . On the other hand, sulphuric acid clusters anti-correlate with HOM dimers 308 (Figure 7 , Panel C). As discussed before, the dimers contain two oxidised monoterpene units that are more 309 abundant during the night as the termination reactions of RO 2 radicals with e.g. NO are less likely. As the dimers 310 are not produced efficiently during the day, they are primarily charged with NO 3 − . Among the ionised species, 311 dimers correlate with HOM monomers that are charged with nitrate ( Figure 7 , Panel D); therefore, their diurnal 312 profile will follow the green line in Figure 5A . In Panel D, we can observe two groups of points separated by night 313 (blue) and day (green and yellow) as the processes that control the formation of HOM dimers and HOM . NO 3 -are 314 similar: during the day, it is the termination reaction of RO 2 with NO, while during the night it is the abundance 315 of ozone and monoterpenes. Finally, in Panel B of Figure 7 , we can see that HOM and ON charged with nitrate 316
show positive dependence during the day, while there is no correlation during the night. The night scatter results 317 from the different formation pathways: oxidation of monoterpenes with NO 3 radical is responsible for ON 318 production, while ozonolysis is responsible for HOM. During the day, the correlation between ON . NO 3 − and 319
HOM
. NO 3 − is coincidental and is driven by the shift in the charger availability from nitrate to bisulphate, as also 320 seen in Figure 5A . and midday, so that the transition between blue to green is around 6:00 and 18:00. 628
